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Critical layer thickness of MOVPE-grown GaAs on In~Ga1_~As
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In this study we report investigations of strain and relaxation in MOVPE-grown GaAs layers on In-alloyed GaAs LEC substrates,
with an In-content between 0.1% and 1.15%. The experimentally determined critical layer thicknesses for the formation of misfit
dislocations in the GaAs layers are compared with theoretical calculations of the Gibbs free energy of the epilayer, containing a half
loop dislocation which has released a certain amount of elastic energy. A very good matching between theory and experiments is
obtained, even in the range of very small misfits. The shift of the bandgap energy as induced by the strain in the epilayer is given by
the deformation potential theory. These shifts have been measured using photoluminescence at liquid He temperatures. It appears
from these measurements that for layers grown beyond the critical thickness the amount of relaxation is exactly determined by the
theoretical equilibrium between elastical deformation and the formation of misfit dislocations. In the region of low misfit dislocation
density the dislocations can be distinguished separately by high spatial resolution photoluminescence. When the density becomes too
high the depletion regions around the dislocations are overlapping each other. The individual dislocations are not discernable
anymore.
1. Introduction the strain. However, in these systems there are two
intrinsic disadvantages. (i) One has to know the
An important consequence of heteroepitaxial composition of the grown layer exactly in order to
growth of 111—V compound semiconductors is the separate the contribution of the strain and of the
lattice mismatch, which is generated by a dif- misfit dislocations to the change of the material
ference in lattice constant between the substrate properties from the contribution of the alloy. (ii)
and the epilayer. In thin layers the misfit will be The physical and mechanical parameters of the
accommodated by elastical deformation of the totally relaxed alloys are not always known, so
epilayer. The growth of the layer is pseudomor- one has to use approximate values, obtained from
phic, the lattice of the epilayer parallel to the interpolation by assuming linear behaviour, for a
interface will be strained in order to fit the sub- comparison between theory and experiments.
strate lattice. When the thickness of the layer is In our studies on heteroepitaxial systems, we
larger than a certain critical layer thickness, the have avoided these difficulties by using (100)
growth is not pseudomorphic anymore, the In~Ga~~Assubstrates with known amounts of
strained layer will relax by formation of misfit indium (between 0.1% and 1.15%) upon which a
dislocations in the interface. Both the strain and layer of undoped GaAs is grown. This gives rise to
the misfit dislocations have a strong influence on a maximum lattice mismatch between the
the electrical and optical material properties [1—4]. In~Ga1— As substrate and the GaAs epilayer of
To study the effect of strain and relaxation, one 8 X 10 ‘~. In this system, the uncertainty of the
usually has a substrate with a fixed lattice con- chemical composition of the epilayer is eliminated,
stant and epilayers with varying chemical corn- because a binary compound semiconductor is
positions and lattice constants. For instance, in grown instead of a ternary or even a quaternary
the systems In~Ga~~ grown on GaAs by VPE alloy. Therefore the chemical composition of the
[1] and LPE [2] and in In~Ga1- As on InP varia- epilayer is exactly known. Changes in morphology
tion of the electro-optical properties is induced by and electro-optical properties of the epilayer corn-
the changed chemical composition as well as by pared with conventional GaAs homoepitaxy are
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now only a consequence of the strain and the To determine the band gap energy, photo-
misfit dislocations in the epilayer and not of the luminescence experiments were carried out at 4 K
changed chemical composition. with an energy resolution of 0.1 meV around the
In the literature, the growth of GaAs by MBE spectral range of the band gap of GaAs. Shifts of
and MOVPE on In-alloyed GaAs is mentioned the exciton spectrum were measured by a com-
[5—10].However, a precise determination of the parison with the (unstrained) GaAs spectrum.
critical layer thickness of epitaxially grown GaAs Several layers also have been examined by local
is not given. The aim of this paper is to give a photoluminescence at 4.2 K with a spatial resolu-
comparison between the experimentally found tion of 1 1um. Details about the photoluminescence
amount of strain in the epita.xial layer and the microscope are described elsewhere [13]. The mi-
critical layer thickness for GaAs as given by the- croscopic differences around a dislocation in-
ory. Further, the spatial distribution of misfit dis- fluence the photoluminescence intensity either in a
locations is studied with defect revealing DSL positive or in a negative way. This results in bright
etching and high spatial resolution photolumines- and dark regions on the PL intensity mapping.
cence, which shows the local effect of misfit dislo- These PL intensity mappings, recorded at the
cations on the photoluminescence signal. wavelength of the acceptor bound exciton, are
compared with the (defect revealing) DSL etch
patterns [14], from which the individual disloca-
tions are recognized. The interesting regions are2. Expenmentat more explicitly analysed by taking PL spectra at
fixed positions.
In our experiments we used (100) In~Ga1_~As
LEC substrates [11] as obtained from LETI,
Grenoble, France. The amounts of indium in the 3. Results and discussion
substrates were measured by inductively-coupled
plasma atomic emission spectroscopy (ICPAES), The relative lattice mismatch f between the
from which the In concentration in the substrates epilayer and the subtrate is defined as:
was known with an accuracy of i0
4. The local
variation in In co tent in these substrates is ca. 1= (a~— a
0)/a0, (1)
1—2% [11]. The dislocation density is  iO~cm
2
[12]. in which a~is the lattice constant of the substrate
Epitaxial layers of undoped GaAs have been and a
0 the lattice constant of the totally relaxed
grown upon these substrates in a conventional low epilayer. The relative strain in the epilayer  is
pressure MOVPE reactor system. Trimethylgal- defined in the same way as:
hum (TMG) and arsine were used as precursors. = (a — a )/a0 (2)
The ratio of arsine and TMG (the V/Ill ratio) at e 0
the entrance of the reactor was 125. The growth in which ae is the lattice constant of the strained
temperature was 913 K. The growth rate was ca. epilayer. From this definition it follows that the
1.6 ~tm/h. For a comparison with GaAs homoepi- strain is positive for a system which is under
taxy (100) 20 (110) horizontal Bridgman (HB) tensile stress. In the case the misfit is accommod-
GaAs substrates, as obtained from MCP (UK), ated only by elastical deformation, ae equals a~,
were also placed in the reactor in the same growth and therefore f = . Samples grown under this
experiments, condition show a specular surface (fig. la). When
The morphology of the grown layers was ob- the layers are grown beyond a certain critical layer
served with an interference-contrast microscope. thickness, the misfit is also accommodated by
The thickness of the layers was measured in a dislocations in the interface. The relation between
scanning electron microscope (SEM) after cleav- the mismatch and the strain is now given by
ing and etching. f = ~+ 8, in which 8 is the amount of plastical
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together with the results of Inoue et al. [5], al-
though in this paper no growth conditions of the
epilayer are mentioned, nor are the layer thick-
nesses measured precisely. It appears that layers
containing misfit dislocations are lying above the
_____________________________________________ theoretical curve, obtained from ref. [16], while the
unrelaxed layers are lying below it. The energy
balance model [16] gives a very good match be-
tween theory and experiment, even in the region
_____ with a very small misfit in which the elastic en-
ergy, i.e. “the driving force” for the formation of
misfit dislocations, is very small.
The biaxial stress, as generated by the lattice
mismatch, breaks up the degeneracy of the valence
band [2], which shifts the effective bandgap en-
ergy. The calculated bandgap energy shifts for the
light hole and the heavy hole valence band at
~EE ~aC1~1~,Fig I. Surface morphologies of as-grown GaAs epilavers of (a)0.4 ism and (b) 4.4 ~smthickness on In11 ))sGa(e)2 As.
lattice mismatch ( iO~)
deformation. On the surface of these layers a cross 100 ~
hatched pattern is observed, as shown in fig. lb. . H,,~ (0=0) (V.d.Leur)
To compare the observed critical layer thick- ~. - H,,,, ~ (Matthews)
ness with theory, we have assumed spontaneous
nucleation of half-loop dislocations in the epi- .1’
layer. From calculations of the Gibbs free energy A A A
G of a layer containing a half-loop dislocation, ~ ~ A A
which has released a certain amount of elastic .~ ~.
energy, the critical layer thickness is determined as A A A
a function of the lattice mismatch. This theory A A A - - - A A
assumes that the misfit dislocations are 60°dislo- A A ~
cations along the <110) directions in a (111) glide
plane in diamond-like crystals. Originally this the-
ory was developed by Matthews [15] who calcu- oi •~ 1015
lated the critical layer thickness for which G is at a -3
x—value of ln,Ga1_~As (10 )
maximum. Van de Leur et al. [16] introduced the
energy balance model. In this theory the thickness Fig 2. Calculated critical layer thickness as a function of In
for which G = 0 is defined as the critical layer content in InGaAs (lower scale) and mismatch f (upper scale),
according to refs. [15] and [16]. Filled and open symbols
thickness. The results of the calculations for both . . . . . . . .
indicate samples with and without misfit dislocations. Tnan-
theories are shown in fig. 2. In this figure also the gles are samples as described in this work. Squares are data
results from the growth experiments are given, obtained from ref. [5].
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14 “‘‘‘ 211 i.e. in the case that is positive, the bandgap will be
- H,,,1 çG=0) (V.d. Leur [is]) between the conduction band and the heavy hole
i2 - ~ ~ valence band. Because the bandgap energy is not
•UU1 strain after MOVPE growth o .
J0000 strain otter 200 mm. annealing 15 c~. directly measured in photoluminescence expen-
It) ~— (700 C) .~ ments, we assume that the shift of the exciton
- I spectrum gives a good approximation for the shift
- A A A ~t ~. of the bandgap. From this it is possible to de-
: termine the amount of relaxation in the epilayer.
~ 6~ A A A 0 The resulting strain as measured from these photo-
- ., .~ luminescence experiments as a function of layer
4 - ‘. ~ thickness is shown in fig. 3. For thin layers the
2 - ~ 1 ~ strain c is equal to the lattice mismatch f. For
- ..~ 082w layers with thicknesses larger than the critical
0 ~ value, the strain has been relieved only partially.
CL i 1 10 i 00 The residual strain of the layer equals the value of
layer thickness of GaAs on 1n~Ga1_,As ( Mm) .the mismatch for which the layer thickness is
Fig 3. Strain in the epilayer as a function of layer thickness, critical. Since the theory is developed for the for-
For thin layers, which are not relaxed by misfit dislocations, . . .
the strain is equal to the lattice mismatch f. When the layer mation of the first misfit dislocation, we conclude
thickness is larger than the critical value, the misfit dislocations that in the observed region of very small misfits
release the strain until it has reached the value of the mismatch the nucleation process is not influenced by the
for which the layer thickness is critical, presence of already existing misfit dislocations.
Post-growth annealing for 200 mm at 973 K under
As pressure does hardly change the amount of
where c- are the elastic stiffness coefficients, a
‘I . relaxation. These results indicate that the GaAs
and b are constants obtained from the deforma- .layers already reach the predicted equilibnum dur-
tion potential theory [17,18]. Using the values as . .ing growth, which is in agreement withgiven in refs. [19,20], we calculate for GaAs In~Ga1 ~As samples grown by MBE on GaAs
~Elh = —5.84 (eV), (5) [21,22].
= —12.35 (eV). (6) The effect of the misfit dislocations in the
epilayer on the luminescence intensity is investi-
It follows that L~E~has a stronger shift than gated by photoluminescence microscopy. A typi-
zl Eth. For systems which are under tensile stress, cal PL intensity mapping is shown in fig. 4a. This
.L L — I L — ______________________________________
I U U U U I F
Fig. 4. (a) PL intensity mapping and (b) interference-contrast photomicrograph of the same area of a GaAs epilayer with a thickness
of 4.4 ~emon 1n0 m2Gao~sAsafter DSL etching. The bar indicates 25 ~im for both pictures.
500 J. te Nijenhuis et al. / Critical layer thickness of MOVPE-grown GaAs on In,Ga1 - ,rAS
is the mapping of a layer of GaAs of 4.4 .tm should be 2 ~sm.When the density of misfit dislo-
thickness on 1n0002Ga0998As, which contains mis- cations is increased, the dark regions overlap each
fit dislocations. The mapping can be compared other. This influences the electro-optical proper-
with the etch pattern of the same area which is ties of the material severely. On the PL mapping a
shown at the same scale as the mapping in fig. 4b. very clear difference between the dislocations and
The dark lines on the mapping are also recognized the matrix material is not observed anymore [23].
on the micrograph. The PL spectra as measured
on these lines have a tendency to shift to higher
energy values with respect to the matrix material 4. Conclusions
between the dislocations. One of these dark lines
is decorated by a bright region. This region which It is shown that the epilayer—substrate systemis clearly seen on the mapping is not revealed on with a fixed layer composition is a good system to
the etch pattern. On the other hand the facets as observe the effects of the strain and relaxation on
seen on the photograph cannot be distinguished the electro-optical properties without any in-
by local photoluminescence. fluence of change in chemical composition. The
As the core material around a misfit dislocation
critical layer thickness for the formation of misfitis deformed and contains an array of dangling dislocations in GaAs under tensile stress as experi-
bonds, which can act as non-radiative levels [4], mentally found is in good agreement with the the
the photoluminescence intensity on the dislocation energy balance model in the region of very small
is strongly decreased. However, the core of a dis- misfit. No complete relaxation is found after
location has a typical radius of 10 mm, which is growth as well as after annealing. The remaining
much smaller than the typical linewidth of the strain in the layers is also described by the equi-
dark regions of 10 ~.tm.This can be explained by librium between elastical deformation and the for-
assuming that around a dislocation a depletion
mation of misfit dislocations. The nucleation of
region is present. The free carriers, which are misfit dislocations is not influenced by the pres-
excited by the laser light, will diffuse to the dislo-
ence of existing dislocations.
cation where they can recombine on the non- A comparison of DSL etch patterns and PL
radiative levels. Further, the shift of the PL spec- intensity mapping shows that the electro-optical
tra towards higher energy values on the dark re- effect of the dislocation is much larger than only
gions indicates that the material around a disloca- the plastically deformed core of the dislocation
tion is somewhat more relaxed than the material itself. From this it follows that misfit dislocationsin the matrix. So the dark regions most probably should be avoided as much as possible when con-
contain one misfit dislocation, which is in accor-
structing opto-electronical devices from heteroepi-dance with the etch pattern. taxial systems.
The bright region around one of the disloca-
tions is not yet completely understood. Probably
here the quality of the material is higher, because
of the diffusion of impurities and of native defects Acknowledgements
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